Driving while intoxicated is a major public health problem. We investigated impaired driving using a simulated driving skill game that presents an 'in-car' view of a road and a readout of speed. We explored brain activation and behavioral alterations from baseline at two blood alcohol concentrations (BACs). Participants received single-blind individualized doses of beverage alcohol designed to produce blood alcohol content (BAC) of 0.04 and 0.08 or placebo. Scanning occurred on a 1.5 Tesla Philips MRI scanner after training to asymptote performance. Analysis was performed using independent component analysis (ICA) to isolate systematically nonoverlapping 'networks' and their time courses. Imaging results revealed seven separate driving-related brain networks with different time courses. Several significant findings were observed for the imaging data. First, dose-dependent functional magnetic resonance imaging (fMRI) changes were revealed in orbitofrontal (OF) and motor (but not cerebellar) regions; visual and medial frontal regions were unaffected. Second, cerebellar regions were significantly associated with driving behavior in a dose-dependent manner. Finally, a global disruptive effect of alcohol on the ICA time courses was observed with highly significant differences in OF and motor regions. Alcohol thus demonstrated some behavioral effects and unique, disruptive, dose-dependent effects on fMRI signal within several brain circuits. The fMRI data also suggest that the deficits observed in alcohol intoxication may be modulated primarily through OF/anterior cingulate, motor and cerebellar regions as opposed to attentional areas in frontoparietal cortex.
INTRODUCTION
Driving while intoxicated (DWI) remains a persistent public health risk in the United States, resulting in over 17 000 fatalities and an estimated 250 000 injuries related to intoxicated driving in 2002 (National Highway Traffic Safety Administration, 2002) . One of the most common experimental tools in intoxicated driving research is the driving simulator, and many studies to date have employed driving simulators to assess the effects of various abused substances and prescribed medications, as well as the effects of normal aging, sleep deprivation, and other adverse conditions on driving and driving related skills (Linnoila and Mattila, 1973; Rimm et al, 1982; Deery and Fildes, 1999; Arnedt et al, 2001; Verster et al, 2002) . We have previously demonstrated the validity of a similar, simulated driving environment to evaluate performance measures in sober and alcohol-intoxicated subjects compared directly to real on-road driving (McGinty et al, 2001) .
Acute EtOH effects on behavioral and cognitive functions necessary for driving are well documented (see review of Mitchell, 1985) . Alcohol depresses neural activity, with immediate effects on multiple cognitive-motor processing domains (Mongrain and Standing, 1989) . Even blood alcohol levels within legal limits produce significant, generalized impairments of multiple attentional abilities; larger doses produce major impairments (Neill et al, 1991) . Sustained and divided attentional tasks are most impaired by alcohol (Moskowitz and Sharma, 1974) , notably information processing, decision-making, and judgment (Hindmarch et al, 1991) . Most alcohol performance decrements are relatively modest, rarely exceeding 35-50% of unintoxicated baseline performance (Mitchell, 1985) .
Alcohol-related impairment is often dose related but neither identical nor linear for all behaviors.
In a previous study, we applied blood oxygen leveldependent functional magnetic resonance imaging (BOLD fMRI) (Ogawa et al, 1990) to simulated driving, using a driving skill game that presents the participant with an 'incar' view of a road and a readout of speed (Calhoun et al, 2002) . We analyzed the resulting BOLD data using independent component analysis (ICA), to explore the dynamics of brain networks subserving 'driving.' In the present study, we used these methods to investigate how these networks are affected by alcohol intoxication.
BOLD fMRI yields signals sensitized to hemodynamic sequelae of brain activity, and these time-dependent data are typically reduced, using knowledge of paradigm timing, to graphical depictions of where in the brain the MRI time course resembled the paradigm time course(s) (convolved with a hemodynamic impulse response). This prevalent general linear model (GLM) method (Worsley and Friston, 1995) is a massively univariate inferential approach, as the same hypothesis ('the brain time course resembles the paradigm') is tested at every location (voxel) in the brain.
As the GLM cannot detect brain activity with time courses not known in advance, a variety of multivariate exploratory data analysis (EDA) approaches have been used to reveal patterns in fMRI data. Among the EDA approaches applied to fMRI data, we and others (McKeown et al, 1998; Biswal and Ulmer, 1999; Calhoun et al, 2001b) have shown that spatial ICA is especially useful at revealing brain activity not anticipated by the investigator and at separating brain activity into 'networks' of brain regions with synchronous BOLD fMRI signals. Despite its exploratory nature, the primary assumption behind spatial ICA, that 'different parts of the brain do different things' (Duann et al, 2002) , is consistent with the principle of modularity of brain function, and has proven fruitful for the analysis of fMRI data. Temporal ICA, although useful in certain situations, has not yet been performed in whole brain studies due to the computational requirements. In addition, because ICA requires considerable data for reliable source estimates and there are many more voxels than time courses, spatial ICA is the preferable approach for this study (Calhoun et al, 2001b) .
In our previous study, ICA extracted six driving-related networks from time-dependent BOLD fMRI data acquired during simulated driving (Calhoun et al, 2002) . This analysis revealed sets of brain regions that were differentially activated by simulated driving. Some regions turned on or off, others exhibited a gradual decay, and yet others turned on transiently when starting or stopping driving. Signal in the anterior cingulate cortex, an area often associated with error monitoring and inhibition, decreased exponentially with a rate proportional to driving speed, while decreases in frontoparietal (FP) regions, implicated in vigilance, correlated with speed. Increases in cerebellar and occipital areas, presumably related to complex visuomotor integration, were activated during driving but not associated with driving speed (Calhoun et al, 2002) .
Importantly, the activity represented by several of these components (anterior cingulate and FP) was not found when we analyzed our data using the GLM or in a similar fMRI of 'driving' study using only GLM analysis (Walter et al, 2001) . This suggests that ICA may be especially useful for analysis of fMRI data acquired during such rich naturalistic behavior, as opposed to the precisely controlled experimental paradigms typical of the fMRI literature where GLM analysis is so prevalent.
In the present study, to investigate how the neural substrates of 'driving' are affected by alcohol intoxication, we applied a novel ICA approach, dubbed 'fixed average spatial' ICA, or FAS-ICA, to data from research participants scanned while driving sober, and under two target concentrations of alcohol. In this approach, ICA was first used to extract driving-related brain networks from sober driving data, and changes in brain activation during DWI were then calculated in these spatial regions.
We had several hypotheses for these data. First, we expected a dose-dependent decrease in behavioral results. Second, we expected to replicate our previous findings with regard to the driving-related components. Third, we expected a global dose-related decrease in fMRI signal (as we found in a previous analysis of a different task; Calhoun et al, 2004) . Fourth, we expected to find component-specific EtOH-related disruptions in the temporal dynamics revealed by ICA, specifically in frontal regions and cerebellum. We also expected the same regions to be involved in EtOH-related interactions with the behavioral results.
EXPERIMENTS AND METHODS

Subjects
Study participants were nine screened, healthy, righthanded men (N ¼ 7) and women, aged 24.275.8 years. Potential participants were screened with a complete physical and neurological examination, a urine toxicology screen, and the SCAN interview (Janca et al, 1994) to eliminate participants with Axis I psychiatric disorders or history of substance abuse. All participants were nonsmokers, had good visual acuity without correction, valid driver's licenses, good driving records assessed by selfreport, and were light or moderate (o2 alcohol consumption sessions/week and o3 drinks/session) users of alcohol. Participants were trained to asymptote performance on the simulated driving paradigm. They were requested to eat only a light meal (avoiding fatty foods) the morning of each study (to avoid interfering with alcohol absorption) and to avoid consuming alcohol 24 h prior to each study day.
An outline of the study design is presented in Figure 1 . Participants were scanned in two sessions on two different days. Sessions were run at the same time of day (midmorning). For the first scan session, participants received a placebo after which they were removed from the scanner and received a dose of beverage alcohol individualized to participant body weight, age, and sex, calculated using a published algorithm (Kapur, 1989) , and designed to produce a blood alcohol concentrations (BACs) of 0.04 or 0.08% (the dose was counterbalanced between days 1 and 2). The alcohol beverage was administered orally in singleblind manner as 190 pf (95% (v/v)) ethanol diluted in chilled fruit juice to a constant volume, consumed over 10 min. Placebo drinks were of the same total volume, including 15 cm 3 of alcohol floating on the surface. All beverages were served in identical glass containers, wrapped in an alcohol-soaked cloth to help disguise the contents (Hammersley et al, 1992) . BACs were determined immediately before and after the scan session, using a hand-held breath meter (Intoximeters Inc.), and subjects were blind to BACs.
Participants began their test sessions 20 min postbeverage. Each was run in two separate sessions, on two separate days, randomly, one at each alcohol blood level, always preceded by a placebo run. Subjects self-rated level of subjective intoxication on a verbal analog (0-5 point) scale. A licensed physician oversaw dosing and administration. Following completion of each scan session, participants were compensated for their time plus an additional sum based on their driving performance. This latter amount was for obeying road rules (eg keeping to posted speed limits). The Johns Hopkins Medicine Institutional Review Board approved the protocol, and all participants provided written informed consent.
Experimental Design
Methods are those described previously in Calhoun et al (2002) . We obtained fMRI scans of subjects as they twice performed a 10-min task consisting of 1-min epochs of: (a) an asterisk fixation task, (b) active simulated driving, and (c) watching a simulated driving scene (while randomly moving fingers over the controller). Epochs (b) and (c) were switched in the second run and the order was counterbalanced across subjects. During the driving epoch, participants were performing simulated driving using a modified game pad controller with buttons for left, right, acceleration, and braking. The paradigm time line is illustrated in Figure 2 . Subjects were instructed to remain within a predetermined speed range and were compensated additionally if they successfully achieved this goal.
The simulator used was a commercially available driving game, Need for Speed IIt (Electronic Arts, 1998). The controller was shielded in copper foil and connected to a computer outside the scanner room though a waveguide in the wall. All ferromagnetic components were removed and replaced by plastic. An LCD projector outside the scanner room and behind the scanner projected through another waveguide to a translucent screen, which the subjects saw via a mirror, attached to the head coil of the fMRI scanner. The screen subtended approximately 251 of visual field. The watching epoch was the same for all subjects (a playback of a previously recorded driving session). For the driving epoch, subjects started at the same point on the track with identical conditions (eg car type, track, traffic conditions). They were instructed to stay in the right lane, except in order to pass, to avoid collisions, to stay within a speed range of 100-140 (the units were not specified), and to drive normally.
Rating of Driving Performance
As NFS-II allows driving sessions to be played back, two independent raters, blind to subject identity and experimental condition, separately scored each driving session on eight parameters. Inter-and intrarater reliability using intraclass correlation coefficients for those ratings exceeded 0.85 on five randomly chosen subject sessions rated twice, blind to subject identity. Parameters assessed included indices of speeding, weaving, collisions, etc as shown in Figure 3 . Ratings of the two independently rated scores were averaged for each run.
FMRI Data Acquisition
Data were acquired at the FM Kirby Research Center for Functional Brain Imaging at Kennedy Krieger Institute on a Philips NT 1.5 Tesla scanner. A sagittal localizer scan was performed first, followed by a T1-weighted anatomic scan (TR ¼ 500 ms, TE ¼ 30 ms, field of view ¼ 24 cm, matrix ¼ 256 Â 256, slice thickness ¼ 5 mm, gap ¼ 0.5 mm) consisting of 18 slices through the entire brain including most of the cerebellum. Next, we acquired the functional scans consisting of an echo-planar scan (TR ¼ 1 s, TE ¼ 39ms, field of view ¼ 24 cm, matrix ¼ 64 Â 64, slice thickness ¼ 5 mm, gap ¼ 0.5 mm) consisting of 18 slices obtained consistently over a 10-min period per run for a total of 600 scans. In all, 10 'dummy' scans were performed at the beginning to allow for longitudinal equilibrium, after which the simulated driving paradigm was begun.
FMRI Analysis Overview
We were interested in an examination of the intoxicationinduced changes in the temporal dynamics of drivingrelated networks (see Calhoun et al, 2002) . To do this, we first perform an ICA analysis on the 9 Â 2 sober-condition data sets to generate a set of maximally independent images. We then computed ICA time courses for all four fMRI sessions and nine participants using these fixed component images, appropriately called a FAS ICA approach. For comparison, we also performed a typical GLM analysis assuming fixed responses during each condition and convolving with the default hemodynamic response in the SPM2 software package.
FMRI Data Preprocessing
The images were first corrected for timing differences between the slices using windowed Fourier interpolation to minimize the dependence upon which reference slice is used (van de Moortele et al, 1997; Calhoun et al, 2000) . Next, the data were imported into the Statistical Parametric Mapping software package, SPM99 (Worsley and Friston, 1995) . Data were motion corrected, spatially smoothed with an 8 Â 8 Â 11 mm 3 Gaussian kernel, and spatially normalized into the standard space of Talairach and Tournoux (1988) . The data were slightly subsampled to 3 Â 3 Â 4 mm 3 , resulting in 53 Â 63 Â 28 voxels. For display, slices two to 26 were presented.
Independent Component Analysis
For the ICA estimation, we used our group ICA approach (Calhoun et al, 2001a) . To review briefly, computing a separate ICA analysis of each participant does not lend itself well to group analysis since it is unclear as to which components it is to be compared with. In this approach, a single ICA analysis is performed on a group of participants, followed by a back reconstruction of single-subject time courses and spatial maps from the raw data. Two data compression stages are used, first at the level of the individual participant and second on the subject-wise concatenated data. This subject-wise concatenation approach has been shown to be the preferable approach to group ICA analysis (Calhoun et al, 2001a; Schmithorst and Holland, 2004) . For group ICA, data from each subject are reduced from 600 to 30 time points using principal component analysis (PCA) (representing greater than 99% of the variance in the data). Data from all subjects are then concatenated, and this 30 Â (number of data sets) aggregate data set reduced to 25 dimensions using PCA, followed by independent component estimation using a neural network algorithm that attempts to minimize the mutual information of the network outputs (Bell and Sejnowski, 1995) . Time courses and spatial maps are then reconstructed for each subject. Our methods are available in a Group ICA of FMRI Toolbox (GIFT) implemented in Matlab (http:// icatb.sourceforge.com).
We then calculate the average sober-condition ICA maps for each of the 25 components and, using these 25 images, we generate single-subject component time courses for all data sets using spatial multiple regression of the component images onto the fMRI data for each time point (that is, we flatten each fMRI volume/time point into a row vector and compute the regressor of the spatial component with the fMRI volume and a spatial intercept regressor). We are thus computing a multiple regression of all components (and all voxels) onto the data at once as a way to generate ICA time courses from component images. This approach is distinct from a regions-of-interest approach such as what might be utilized in a typical GLM analysis. Rather, given a set of (fixed) independent component images, we essentially generate their companion time courses.
The resulting single-subject time-course amplitudes were then calibrated (scaled) using the raw data so that they reflected percent fMRI signal strength (Calhoun et al, 2001a) and can be compared between the groups. Finally, we selected the components that were highly correlated with the paradigm for further analysis.
Analyses of Temporal Dynamics
A statistical examination of the ICA time courses (for each component we had nine participants and four scans session for a total of 36 time courses/component) was then performed. The first analysis involved parameterizing the ICA time courses and testing for dose-related changes in these parameters (regardless of behavior). A second analysis examined the relationship of the ICA time-course Figure 3 Behavior results from the driving data. Driving performance at low-and high-dose EtOH (black and red bars) compared to (mean) sober performance (solid black bar) rated on seven different measures. Measured included vehicle collisions (VC), near vehicle collisions (NVC), lane deviations (DEV(#)), length of lane deviations (Dev(s)), number of times over speed limit (4140(#)), time over speed limit (4140(s)), number of times below speed limit (o100(#)), and time below speed limit (o100(s)).
parameters with two behavioral measures. The third analysis involved computing a measure of EtOH doserelated disruption in the ICA time courses.
Analysis 1: fMRI/EtOH. In order to parameterize the ICA time courses, we grouped them into three main patterns (see Figure 8 for a visual summary of the patterns). First, primary visual (yellow) and higher-order visual (white) areas were most active during driving and less active during watching (as compared to fixation); second, cerebellar (orange with turquoise border), motor (red), and FP (blue) areas were only changed during driving; finally, anterior cingulate medial frontal and orbitofrontal (OF) areas (pink) demonstrated exponential decrements during driving and rebounded during fixation. We then parameterized these components according to their patterns as follows. The first pattern was represented by the average of the middle 40 s (to avoid transition points) of the drive condition subtracted from the average of the middle 40 s of the fixation condition (D_40ÀF_40) and also the drive condition subtracted from the watch condition (D_40ÀW_40). The second pattern was represented by D_40ÀFW_40 (the average of the middle 40 s of both the fixation and watch conditions). The third pattern was represented by an exponential rate parameter determined by fitting the driving epoch of the time courses to a single exponential using the Gauss-Newton method implemented in Matlab.
Analysis 2: behavior/fMRI/EtOH. We also examined the relationship of these parameterized ICA time courses to the significant behavioral measures. In addition, because we previously found a significant correlation of driving speed to the rate of exponential decrease in the OF component, we performed a similar analysis to examine correlations with drug dose.
Analysis 3: disruption score/EtOH. For the analysis of the entire ICA time course, we computed within-day correlation scores (ie sober condition was correlated with the same-day low-or high-dose condition) for each component as a general measure of the amount of 'disruption' in the time courses induced by the alcohol challenge. A test for changes in these disruption scores for the two alcohol doses was then performed.
GLM Analysis
The GLM analysis included the following steps: (1) creation of 'box-car' regressors for the driving and watching conditions, (2) convolution of this idealized regressor with a canonical hemodynamic response function consisting of the sum of two gamma functions, (3) temporal regression of these regressors (plus a temporal intercept regressor) onto the fMRI data for each voxel to generate single-subject parameters, and (4) second-level 'random-effects' analysis using voxel-wise t-tests to examine which locations exhibit the predicted time courses (Holmes and Friston, 1998) .
RESULTS
We explored the effect of alcohol (EtOH) at two BACs on simulated driving performance. At the lower BAC (mean 0.04170.016), on the five-point analog scale (where five indicated maximal intoxication), participants indicated subjective intoxication of mean 1.070.7, and at the higher BAC (mean 0.09670.040), participants self-rated intoxication of mean 3.170.8. The difference on the subjective intoxication scores was highly significant (po0.000001).
Behavioral Results
Driving performance was rated on eight different measures: vehicle collisions, near vehicle collisions, number of lane deviations, duration of lane deviations, number of instances over maximum speed limit, total time over maximum speed limit, number of instances below minimum speed limit, and total time below minimum speed limit. Driving performance outcome measures thus indicated deficits in lateral and longitudinal vehicle control. Compared to sober baseline, at the lower BAC, performance slightly improved and participants reduced average speed. At the higher BAC, subjects drove more at higher speeds (po0.008, corrected) and there was a trend toward increased collisions with other cars (po0.15, corrected). All p-values are corrected for multiple comparisons unless otherwise noted. Figure 3 depicts driving performance results for eight measures in the drug condition relative to the sober condition.
GLM Results
For the fMRI motion correction, the translation corrections were less than half a voxel for any participant. Pitch, roll, and yaw rotations were generally within 2.01 or less. There were no visually apparent differences between the average motion parameters for the sober and alcohol intoxication runs. Changes were also not significant as assessed by a ttest on the sum of the squares of the parameters over time. The GLM fMRI analysis results for the sober condition are presented in Figure 4 . Relative increases are in red and decreases in blue. Networks correlated with the drive regressor are depicted on the left and networks correlated with the watch regressor are on the right. We found, as reported by others, that motor and cerebellar networks were significantly different in the contrast between drive and watch (Walter et al, 2001) . We also performed a contrast between the intoxicated condition (high or low dose) and the sober condition in order to examine whether differences in spatial location or amplitude were evident. Specifically, we computed voxel-wise contrasts (in both directions) for '(drive sober-fixation sober)À(drive high dose-fixation high dose)', '(drive sober-fixation sober)À(drive low dose-fixation low dose)' and similarly for the watch regressor. One-sample t-tests on the resulting contrasts did not reveal significant differences between the two conditions.
ICA Image Results
ICA imaging results from the FAS analysis are summarized in Figure 5 , with different colors coding for each component. Owing to the low degrees of freedom (8), we used a corrected threshold of po0.005 (t ¼ 4.5), which controls for the false discovery rate (Genovese et al, 2002) . The average time courses for each scan session are presented in the middle and right panels of Figure 5 , respectively. For visualization, the three epoch cycles are averaged together and are presented as 'fixation', 'drive', and 'watch'. The 25 time courses were sorted according to their correlation with the driving paradigm, and then visually inspected for task-related or transiently task-related activity (based on their periodicity with the paradigm). Of the 25 components, seven demonstrated such a relationship. This is consistent with previous results (Calhoun et al, 2002) , with the exception that the primary/supplemental motor and cerebellar networks were divided into two separate components (albeit with similar temporal patterns on average).
The left panel of Figure 5 displays the thresholded average components-of-interest (ie 'weighted regions-of-interest (networks)') determined from the sober-condition data. Cerebellar networks are depicted in the same color as the motor and supplementary motor regions, except with a turquoise border surrounding the region. The middle panel displays the average calibrated time courses (computed via spatial regression of the component maps onto the raw data for each subject) from the sober-and low-dose condition, with color use as in the spatial component maps (the drug condition is indicated with the color gray). The right panel display is the same for the fMRI session consisting of the sober condition and corresponding (same day) high-dose condition (also indicated with the color gray). Selected Talairach coordinates of the volume and maxima of each anatomic region within the maps are presented in Table 1 .
Analysis 1: fMRI/EtOH. For all participants, the fit to a single exponential was quite good (average po0.00005). The parameterization by dose analysis was only significant for the OF rate À1 parameter. Figure 6 is a plot of the OF component time courses fitted rate À1 parameter as a function of scan session. The rate À1 is larger at both alcohol doses than in the sober condition. There is a significant (po 0.005, corrected) change between the sober condition and the high-dose condition (the change in the low-dose condition is a trend in the same direction).
Analysis 2: behavior/fMRI/EtOH. A direct comparison of significant behavioral measures (vehicular collisions and speed over 140), EtOH dose, and fMRI signal was performed by computing the dose-related correlation of the behavior results with these parameterized results. All p-values were greater than 0.2, except for two results: the cerebellar component (D_40ÀFW_40) exhibited a highly significant dose-related affect with driving greater than 140 (po0.001, corrected) and the FP-cingulate component (D_40ÀFW_40) showed a weak dose-related correlation with vehicular collisions (po0.15, corrected). Figure 4 Results from the GLM-based fMRI analysis. Regression increases (red) and decreases (blue) are depicted for the driving condition and the watch condition (same colors but surrounded with black border). There were considerably more motor increases and OF decreases during the driving condition. The extent of activation in most regions is greater for the driving condition.
Analysis 3: disruption score/EtOH. The change in the fMRI disruption score with respect to dose is shown in Figure 7 (coloring is identical to that used in Figure 5 ). All components were found to be temporally less correlated for the high-dose experiment than for the low-dose experiment. Significant differences were found for the OF component and the primary motor/SMA component (po0.001). The cerebellar component was the least affected by alcohol dose for the correlation analysis.
DISCUSSION
We studied the impact of two doses of EtOH upon behavioral and fMRI data during performance of a simulated driving task (NFS-II). From NFS-II, we derived eight highly reliable quantitative driving performance measures. Behavioral results of the present study revealed mild opposite effects of low-and high-dose EtOH on driving behavior (consistent with a previous study; McGinty et al, 2001 ), which we interpret as successful compensation for awareness of mild alcohol-induced intoxication (although additional data are needed to draw stronger conclusions from this trend).
ICA revealed a set of driving-related networks. Consistent with previous results (on different participants), several time courses were modulated by the driving task (Calhoun et al, 2002) . The components identified by our analysis lend themselves naturally to interpretation in terms of wellknown neurophysiological networks as discussed in (Calhoun et al, 2002) . In Figure 8 , the seven components are divided into four patterns with EtOH and speed-related effects (Calhoun et al, 2002) indicated. Hypothesized functions of these networks are: (1) vigilance, (2) error monitoring and inhibition, (3) motor, (4) higher-order motor (cerebellar), (5) visual, (6) higher-order visual, and (7) visual monitoring. We delineated the networks affected by driving speed in the previous study, as well as the networks affected by alcohol dose in the current study. We have discussed the involvement of these circuits in the context of simulated driving in detail previously, and the reader is referred to this work for further discussion (Groeger, 2000; Calhoun et al, 2002) . Consistent with our hypotheses significant alcohol-related changes were found in OF/anterior cingulate cortex and primary motor cortex/SMA. The medial OF cortical involvement in alcohol dose is consistent with a recent EEG study demonstrating that alcohol consumption impaired error detection in this region using (Ridderinkhof et al, 2002) .
Owing to a significant speed-related relationship to both the OF rate parameter and the D_40ÀFW_40 activity in the OF component in a previous study (Calhoun et al, 2002) , we suggested that both the vigilance network and the error monitoring network could be interpreted as a 'switching' influence of the vigilance network upon the error monitoring network. In this context, awareness of driving Figure 5 Results from the FAS analysis. Random effects group fMRI maps are thresholded at po0.005. A total of seven components are presented. A 'green' component extends on both sides of the parieto-occipital sulcus including portions of cuneus, precuneus, and the lingual gyrus. A 'yellow' component contains mostly occipital areas. A 'white' component contains bilateral visual association and parietal areas; and a component consisting of motor areas is depicted in red. Cerebellar areas are also depicted in red (but with a turquoise border). OF and anterior cingulate areas identified are depicted in pink. Finally, a component including medial frontal, parietal, and posterior cingulate regions is depicted in blue. Group averaged time courses (right) for the fixate drive watch order are also depicted with similar colors for the sober vs low-dose and sober vs high-dose conditions (drug conditions are colored gray). The three repeated epochs are averaged and presented as fixation, drive, and watch.
(vigilance) is initiated once the driving condition begins (manifesting as an exponential decrease in fMRI signal). Error correction and disinhibition are revealed as a gradual decline of this component at a rate determined, in part, by the vigilance network. When subjects drive faster, the vigilance component changes more; thus, the error correction and disinhibition component decreases at a faster rate. In the present study, the speed was not modulated to a large degree (although a small but significant increase in the high-dose condition was observed). However, the OF network was modulated by EtOH, but the FP network was not. Thus, the current results are consistent with a dissociation of the OF and FP networks (the latter network is modulated by alcohol, whereas the former network is not) manifesting as a problem in the OF network primarily (whereas the FP network does not appear to be affected).
Contrary to hypotheses, the cerebellum was not significantly affected on the previous measure. The cerebellum did, however, exhibit a highly significant dose-related correlation with the number of times the speed limit was exceeded (specifically the fMRI amplitude was more correlated with speed limit excesses for the high-dose session than for the low-dose session). This may be due to less efficient processing of the complex motor coordination required at higher speeds. At BACs approaching 0.10%, there is a significant increase in collisions or near collisions (Voas and Tippetts, 1999; Weiler et al, 2000) . The doserelated cerebellar involvement is also consistent with previous studies implicating a detrimental effect of alcohol upon complex motor control (Peterson et al, 1990) and alcohol-associated decreases in cerebellar blood flow (Volkow et al, 1988) . As visual and attentional fields narrow, inebriated drivers are less responsive to peripheral events and often exhibit depressed perceptual and motor functioning (Mascord et al, 1995) . We did not find significant differences in the FP region, contrary to the For each component, all the voxels above the threshold were entered into a database to provide anatomic and functional labels for the left (L) and right (R) hemispheres. The volume of activated voxels in each area is provided in cubic centimeters (cm 3 ). Within each area, the maximum t value and its coordinate are provided.
hypotheses. The lack of significant findings in these regions, coupled with findings for the other regions discussed, suggests that decreased motor functioning during intoxication may be due less to attentional differences than to the impact of EtOH on cerebellar/motor and OF regions.
Results from the GLM analysis were consistent with the ICA results (and with a previous study ; Walter et al, 2001) , in that fewer regions were activated during passive watching than during simulated driving. Compared with ICA, similar (but fewer) regions were revealed, and the temporal regression analysis is unable to reveal separate networks (even when ICA time courses are used as regressors) because of the high degree of temporal correlation between the time courses. In addition, no significant alcohol-related changes were detected with the regression analysis, presumably because the regression analysis was unable to capture the complexity of the temporal behavior during simulated driving. As only nine participants were included in the study a fixed-effects analysis was also performed, with similar results. Although it would be informative to try to separate finer temporal correlates within the ICA time courses (such as the time of a crash), we do not have exact timing for individual events in the simulator used and, thus, we limited our exploration to epoch-based averages. Future studies will use event-related fMRI designs to explore these issues.
Alcohol is known to have vasoactive properties, potentially confounding BOLD fMRI, which relies upon hemodynamic changes. Global changes (more specifically decreases) in fMRI signal changes are likely confounded by such vasoactive changes. A previous fMRI study reported that alcohol resulted in a significant activation decrease in visual areas, slightly more on the right side (Levin et al, 1998) . We did not find significant global alcohol-related changes for the driving paradigm (see, for example, the yellow time courses in Figure 5 ). However, we did find that a higher EtOH dose decreased the within-day correlation for all components (significantly so for two components), suggesting that alcohol has a disruptive effect upon brain activation. This finding differs from a prior fMRI study (collected at the same time as the simulated driving data), in which we examined alcohol effects on a visual perception task and found a general decrease in contrast-to-noise ratio Within-day correlations were computed between the sober condition and the drug condition on the same day as a measure of the amount of disruption induced by the EtOH. The differences in these correlations are presented for each component with color corresponding to Figure 5 . The high-dose condition was in all cases less correlated with its sober counterpart than was the low-dose condition (all values are negative). Significant (po0.001) differences were observed for the pink (OF/anterior cingulate) and red (motor) components only. Figure 8 Interpretation of imaging results. Extension of the results of our previous study examining speed-related changes (Calhoun et al, 2002) . Colors correspond to those used in Figure 5 . Components are grouped according to the averaged pattern demonstrated by their time courses. The speed modulated components (previously found) as well as the EtOH component revealed in the present study are indicated with arrows.
in some regions as well as dose-related changes (both increases and decreases) in other regions (Calhoun et al, 2004) , suggesting that the global EtOH effect may be a function of the task used.
In our previous study, the cerebellar and motor networks were part of a single component (Calhoun et al, 2002) . The present study distinguished these as separate components, although their time courses were quite similar (on average). The present study had two sober driving conditions for each participant, and the fact that we can discriminate between cerebellar and motor networks may then reflect a sensitivity issue given that we have twice as much data. In both studies, 25 components were estimated, but we also verified that the results were stable by changing the number of components estimated from 20 to 35, and this did not change the fact that cerebellar and motor networks were divided into two components.
A limitation of the FAS ICA approach is that the identified networks are potentially biased towards the sober condition because they were derived from the sober condition data. In order to rule out this potential bias problem, we performed two additional analyses: (1) the data from the low and high EtOH dose were analyzed with group ICA and (2) the entire experiment was analyzed with group ICA. In each case, the results showed similar findings to the FAS analysis using the sober condition as a reference. An additional limitation of the present study is the relative small number of participants. Our findings, although highly significant, merit subsequent studies with a larger sample size.
The fact that at the high BAC participants tended to drive faster was recognized as a potential confound, given our previous finding of a correlation between the OF region and driving speed. However, we do not think faster driving between sober and alcohol conditions explained the observed changes for the following reasons: (1) only the OF (and not the FP) region is associated with alcohol dose, (2) the speed range was more restricted than in our earlier study (all had same speed range in the present study), and (3) although there was a trend towards decreased speed at the low dose, the OF region showed a trend toward increased rate (the opposite of the effect we demonstrated speed would have in our earlier paper).
In conclusion, we have replicated earlier fMRI results revealing different activation dynamics for multiple regions during a simulated driving task. We have studied the impact of two doses of EtOH upon these dynamics using a proposed fixed average spatial analysis of these networks. In addition, we have implicated OF/anterior cingulate and primary motor networks as being modulated by EtOH in a dose-related manner and the cerebellar network as associated with speeding in a dose-related manner. The fMRI data suggest that the attentional deficits observed in EtOH intoxication may be modulated through the OF and cerebellar regions as opposed to attentional areas in FP regions.
